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Abiuraey

Solar hewvy jone from the IPL Soles ¥z vy Lon Bode! hiave bean tsuspotied dnto Jow earth orbit
using the Schuls cutofi” critenion for sl 0240 by tons of & spocific chetge 1o mass raie. The
NASA Brouwer orbit generator win waid 10 p 1 velaen wong the onbit 51 60 second time intervals.
Heavy jon fluences of ions 252,292 have b, deje-mingd for the LV 1eage ) 10 130 MeV-om?*/mg
by 64, 120 or 250 miils of slunimon ove: + peeiod of 24 howts in o 425 ke citcolur orbit inclined 51¢
The dom Noence is time dependent i the seu et the position of the spacecaft in the otbit et the
ﬂa.-c:‘me time fixes the relationglip boiwecan pricle fiua and spreeciafl pascage through high 1.-
valu]-, where parficles hiwve Bocess 1o e spaveo -

Buetwadweiion

I 38 dncreasingly imporisnl 10 ksscay the rndishion hezard o5 devices in Jow earih orbits
becayse of the decreasing svatiabibiy of nev 1#:betion havd electronic devices. Single event effects
(SHED due: to galacdic cosmic Tays 843 eotipeic s sler eveed pariicles are anelionated somewhat by
the exrib's magnetic ficd, Howewer, veiy hiph ez v 10ns can peadinte 1o low eerih orbits depending
on lh[ 1.-value of the spacecrafl, the don enepy end charge 10 mass 1abo. A cotofl energy below
which an ion with specific charge 1o g 140 6ot peactisie to the spaceerafl Tocation can be
esﬁn{%ﬂw hy the: Scholz approximst o

A progie hes been consirg: iod (o e laten the Hennoch flucoce of 1one 2<2,.¢92 over seveial
orbits] A NASA Brouwer orbii gentsslo vwes usst (o caloulate spacecrali position in B-). space as
well a5 goographical coordinates eve: y 60 seoade A soler heavy ion moded devitoped st JP). using
observed evezage solar ion abundunce ratios 2od poninslived by IMP-§ slphs pariicle statisiics was
invoked at each 60 second orbit point 1o Caliotiie the Heinrich fluence The Hedngich fluence is
maodified only integrating over iofi etes pics above the ion oroflencagy. Shiclding has been taken into
acoouht 80 that the Heinrich fluence wis desenmd sl the device insidde of a alominum shicld. The
orbit i‘rnmgmtinn was ceried out for & 24 hovae poond,

JFI. }hm\'y Ton Model

Jon composition of individus! s0les (s it eveads observed ininte plaiviary space can be
highly vatiable. Jon composition avel sges 11k ov ove: & seiies of solar fhaes doring 8 solw cycle can
be lellﬁteﬂ 10 observed solas photonphese sharads o coratios afier concgiion for popagstion effeots




JPL. Heavy lon Model

lon composition of individua solapariicl events observed ininterplanetary space can be
highly variable. lon composition averages takenoveraserics of solai flar es during a solar cycle can
be related to observed solar photosphcnceabundan.c ratios afler cort ection for propagation effects
which depend on the ionic charge to mass1atio an:i the fitst ionization potential (FIP) [6,7,8]. The
model presented here uses the solar photospheiic abundances [7,9] to derive solar energetic particle
fluxes in interplanetary space. The ion modclincludes ion atomic numbers 2 <Z.<92 | helium through
uranium. [16].

Solar heavy ion flux is modeled by the following parametric equation [ 14]:
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where S(x): O if x<0
S(x)= 1if x>0
7= at omit number
Q/M(Z)= ionic charge/n~ass (Table?)
E= ion energy/nucleon, (Mc¢V)
t=-time
¢(Z)= first ionization potential (111), ¢\ (Table. 2)
A,(Z)= solar photospheric abundanceratio (1’ able 2)
Eg= ion spectral index, 0.3 McV
T,= solar flare onset time, O
1= solar flare decay constant, 8333 days
a= power law index for Q/Al, 67
So(Z)=FIP step factor, ,377°)5, S4() }c¢) 138
¢$,= location of FIP step, 10.¢V
Jo= normalization facto: (Table))

integration over time, energy and solid angle yields the fluence of cach ion species in the flare.
The normalization constant JO detel-mines the mapnitude of the. event. It must be emphasized that this
model is based on the averages prescnt ed in Biencman and Stone [“/],

Parametric Choices




The key parameters a= .67, Sy .:{2;" 75, {1,:10cV and A (6<7.<30) were taken from the
study of 10 solar flares [7] between1977and 1 ©82. The solar abundance ratios A,(2<Z.<5) and
A, (Z>30) were taken from Anders and Grevesse [9]. The FIP step factor for helium §=. 138 was
taken from Retunes et d. [6]. The values of ¥1P, ¢» 7) were taken from the 1 Jandbook of Chemistry
and Physics [11 ]. The values of Q/M(3 <Z.<30) wei ¢ obtained from 11,11, Bieneman's thesis [8]. The
value of Q/M(Z>30) were derived by exii apolating theionic charge cut ves presented in Figure 4.1
from Breneman [8]. Extrapolation can bet ticsoutce of large errors, but an est i mate of the maximum
error due to use of different slopes forexirapolation of t he Q vs 7 curves is -60°/0. The value
E=0.3MeV was determined from the QOctobc11989 solar flare. The value t=.833day (20 hours) is
a generally recognized solar flare decay constant The solar flare onset time was set T,=0. The
normalization constant Jo varies with the magunitude of the flare. Theintegrated ion fluence is linear
function of Jo The heavy ion fluence can be scaled 1o the helium fluence by adjusting the value of JO.
Table 1 gives values of JO vs cumulative piobability of occurrence for asolar flare with ion fluences
equal to those gotten by integrating the. spectromi( 1).

Cutoff Energy in aDipolar Magnetic Field

The adiabatic theory of charged paticle motion ina dipolar magnetic field is based on the
hypothesized smallness [15] of the quantity

Q) € 5146(A/2)x10 P[EIS11863))12).7

where L is the particle energy in McV/nucleon, Ais the mass number, and 7. is the charge-state
number. It is assumed that the critical vaue formeapnetic trapping is 1/3 and for comic-ray cutoff
is 3/4. The cutoff energy E can be expr essedas
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where ¢ has been assumed to be 3/4.




Calculation of the LET Spectrum

The LET spectrum (Heinrich flux) v as calcalated by

integrating the flux of all particle species whichbavestopping powers s 1 1:T), (1 /p)dE/dx MeV-

cm?/mg, above a specific value. The Heiruiclifiux pertinent to the production of SHUs is derived from

the heavy ion flux after transport througl the shicldimg. LET as afunction of incident particle energy
has a relative maximum for each ion species Therefore, all values of 1.1:1 > a specified value lie
between a lower and an upper energy limit 1<, and i, For specific path length through the sensitive
volume, integrating, the energy spectrumof thaionspecies betweenld jand 1, gives the contribution
of that ion species to the LET spectium
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These calculations arc performed on the transported fluxes “inside the shit.ld”. The calculations can
bc performed on the fluxes “ outside the shicld" by adjusting the limits o { integration.
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where x’~ shield thickness
1 5T= valueat which 1,11 spectium is being determined
7z ionspecies
JE)z i €NErgy specttumod 7" species inside shield
JEB)/ usige = ENEY spectrum of 7™ species outside shield
1= Pathlengthin the scusitive volume (2 microns)

The effect of shielding is to reduce paiticle enerpics after transport, shifling the spectrum to lower
energies. Therefore., to accomplish the sammcintegiation but over the unshielded spectrum take the
energy limits corresponding to a specific 1.1 Tinsidcthe shield and find the corresponding energies
(E,,E,) outside the shield using range tables for thast species

An eflective Heinrich fluence calculation in which the path length distr ibution in the sensitive
volume is taken into account was not pet for 1ed die 10 the excessive cumputer t ime required. All ions
are assumed to enter normal to the device surface. I 'h: t hickness of the sensitive. volume was assumed
to be 2 microns.

The orbital integration was accomplishcd by taking the 1 .-values gotten from the NASA
Brouwer Orbit Generator and calculating a cutofl’ cnc py using the Schulz appi oximation. 1f'the lower
limit E,"in (4) was less than the cutoft cner gy at that ot bit location, t he lowes limit was replaced with
the cutoff energy. The integration is described by



T
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where A=60 seconds.

The Heinrich fluence results fortwo orbits (1) 4?S km circular, 510 inclination and (1)
geosynchronous orbit are shown in Figur € 1.

Conclusion

A physical model based on expermentalobservations and theory has been developed which
accounts for heavy ions 2<Z.<92 using a formalian which incorporat ¢s solar abundances, Q/M (ionic
charge/mass) and first ionization potential (I11)d cpendenceieflecting processes at work in the solar
corona. An exponential time dependence has been assumed which:gives more conservative peak
fluxes at t=-0 than would be the case foratime dependence similar to solar protons. Additional
conservatism is introduced into themodelby the sssumption that a solar particle event is a single
exponential event in time. In redlity, large solarpat title. events are often multiple events occurring
close together over aperiod of several days.‘I'hc ¢1cet oft hese assumptions isto over estimate the
peak 1leinrich flux but since the model has been normalized to the total event apha fluence, it gives
reasonable heavy ion event fluences.

The introduction of theion cutoft encigy duc to the. shielding eftect of the earth’s magnetic
field of getting an engineering estimate of thesolarparticle event Heinrich Fluence at low earth orbit.
Figure 1 shows the calculated Heinrich flucncefor the first day of aflare for two orbits: (1) 425 km
circular, 5 1°inclination , a typical space station o1 bitand (2) geosynchronous orbit 6.6R,. The lower
orbit show about an order of magnitudc less fluence than at geosynchronous orbit. All solar flares
vary in ionic composition and spect al shape A sofi erenergy spectrum would, of course, enhance
the shielding eftect of the magnetic field at tow ea1t h orbit. A 1easonable engineering model has been
constructed for the estimation of the eflects of heavy ionsat low ear th orbit.

Acknowledgments

The research described in thispapcrwas carried out by the Jet Propulsion l.aboratory,
California Institute of Technology, under a contiact with the National Aeronautics and Space
Administration.



REFL RENCES:

1. Feynman,J. and S. Gabriel,Ed., Inter planctary J nvironment: Proceedings of a Conference, JPL.
Publication 88-28, NASA, 15Ap1 88

2. Goswami, J. N, et al.,"Solar Flare Protons and Alpha-Particles During the Last Three Solar
Cycles’, J. Geophys. Res.,93,7195.7205,1 988.

3. Feynman, J,, G. Spitale,J.Wang, S Gabuic!, Interplanctary Proton Fluence Model JPL 1991,
J. Geophys.Res., 98, 13281 -13294,1 993

4. Feynman, J.,, T.P Armstrong, L. Dao-Gibnerand S M. Silverman, “A New 1 nterplanetary Proton
Fluence Model”, J. Spacecraft and Rockets, 27,403,1990.

5. Feynman, J,, T.P Armstrong, L. Dao- (Jibueir gt S.M. Silverman, “ Solar Proton Events During
Solar Cycles 19, 20, 217, SolarPhysics 126,385,1 990.

6. Reames,1D. V., 1.G. Richardson and 1.M Rarbici, "Onthe Differences in 1 dlemental Abundances

of Energetic lons from Corotat i ng Yvents 00 fromY.arge Solar 1ivent s, The Ast rophysical
Journal, 382: 1.43-1.46,1991 Nov 20.

7. lllcneman,}1.11, and E.C.Stonc,"Solat Coronal and Photospheric Abundances from Solar
Energetic |’ article Measuremaents”, 'The Asirophysical Journal, 299:1.54-1,61, 1985 Dec 1.
8. Breneman, HH,, “Solar Photospheric and Coronal Abundances from 1 inergetic Particle

Measurements’, 1985 Thesis, Cial ‘1 cch.

9. Anders E. and N. Grevesse, "Abundances of the Yements: Meteoric and Solar”, Geochimica et
Cosmochimica vol. 53,pp. 19-/.114.

10. Croley,D.R_H .B. Garrett, G. B.Mui phy,and T'.1Garrard, Solar Particle induced Upsets in the
‘I'I>]{S 1 Attitude Control System RAMMcemory During the October 1989 Solar Particle
Events, IEEE Trans. Nut. Sci, voI NS 42, no.5,p. 1489, Ott, 199S.

11. CRC Handbook of Chemistry and Physics 65th edition 1984- 198S pg. }63.

12. Adams,J.H.,R Silberberg, and C.11 T'sao, ‘ Cosmic Ray 1 fiects on Microclectronics,Part 1: The
Near Earth Particle Environment”, NRIMcmorandum Report 5099, May 26, 1983.

13.1 lamilton,D.C., The Radial Dependence of the Solar Ener getic Particle Flux, JPL. report 88-28,
15 Apr 1988.



14. Garrard, T L. and EC. Stone, "Composition of t ‘nergetic Particles fiom Solar Flares", Advances
in Spa& Research, Procecdings of the 28 Angust 1992 World Space Congress, Vol. 14, NO.
10, pg(10)S89, October 1994.

15. SchulzM,, J.B Blake, and M. C. Mc¢Nab, 1ynanecal Model for the Distribution of Geomagnetically
‘I"rapped Anomalous-Componient 101 15 Sept1992,1992 Fall Meet ing ,American Geophysical
Union,

16. Croley,D.R., G.B.Murphy, G.C Spitale, )V eyuman, J.). Wang, A Statistical Analysis of Solar
Alpha Particles and A Design Case Statistical Solar Flar Heavy lon Model, unpublished.



‘I"'able 1. Averagce 1 jux Normalization Constants
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Table?

7 Q/M ¥IP ABUNDANCE Z Q/MFEIP ABUNDANCE
12.60413.598 0.2790E405 470.468 7.57¢ (: 48601 -06
2 1.30224.5870.2720E+04 480.446 8.993¢ 1 (*,101 -05
31.133 5.392 O. S710E-04 490.448 5786 (). 18401 06
41.242 9.3220.7300E-06 500.439 7.3440.%8201 05
51.214 8.2980.2120E-04 510.433 8,(,41 0,300} 06
61.24511 .2600 .6490E+0I 520.419 9.009 O 48101-05
71,172 14.S340.2775EW1 530,426 10.45 1 0.9000}-06
81.148 13.6180.2290EW?2, 540.41712. 130(1,4-/0(11:-05
91.12517.422 0.1100E-O2 550.417 3.894(). 7201 06
101.208 21.5640.3140E-101 560.407 5.217 (14490105
111.146 5.139 0.6700)3-01 570.409 5.5770.4460F-06
121.167 7.6460.1089E-tOl 580.411 5.470 01136} .05
131.068 5.9860.8370E-01 590.413 $.420 (), 1669t (16
141,000 8.151 0.1000E+01 600.408 5.490 O 87791-06
150.914 10.4860.9240E-02 610.000 0.000 00000} + 00
160.875 10.3600.4600E+00 620.400 5,6300 2582} .-06
170.797 12.9670.9600E-02 630.400 5.670 O ‘9'/ 301 -07
180.794 15.7590.1020E+00 640.391 6.140 (33001 -06
190.7604.341 0.3900E-02 650.389 5.650 0.¢030} 07
200.763 6.113 0.8200E-01 660.387 5.9300.%94 2} 06
210.703 6.540 0.3100E-03 670.385 6.020 (. £8 Y01 (17
220.688 6.8200.4900E-02 680.384 6.100 0.7 508106
230.674 6 7400.4800E-03 690.384 6.180 0.37801-07
240.690 6.7660.1830E-01 700.377 6.2540.24791-06
2S 0.667 7.435 0.6800F-02 710.379 5.42G 03670k 07
260.654 7.8700. 1270E40172 0.375 7.000 O. 1540106
270.622 7.860 0.1870E-01 730.374 7.890 0,70'/'01; 117
280.617 7.635 0.46501; 01 74 0.37] 7,9800 13301 96
290.S60 7.72.6 0.5700E-03 750.370 7.880 0 <] */()]: 1)7
300.S529 9.3940.1610E-02 760.366 £.700 0 ¢7501: 06
3] 0.570 5.999 0.3780L-04 770.366 9. 100” (), 6:5) of . 16
320.541 7.8990.1 190E-03 780.364 9.000 013401, )5
33 0.5429.810 0.6560E-05 790.364 9,225 0.18701 06
340.517 9.752 0.62] OE-04 800.360 10.437 0. 4001 06
35 0.S32 11.814 0.1180E-04 81 0.3S7 6.108 0.18401- 06
360.508 13.999 0.4500E-04 82 0.3S5 * 7.4)6 (1.31 50105
370.510 4.177 0.7090E-05 830.356 7.289 (). 1440F- (16
38 0.50] 5.695 0.23 SOE-04 840.000 0.000 (.0 000} 00
390.503 6.3800.4640E-05 850.000 0.0)()() 0.0000F- 00
400.505 6.8400. 1140E-04 860.000 0.000 0.0000k:- 00
410.495 6.8800.6980E-06 870.000 ().()()() 0.0 D00+ 00
420.477 7.099 0.2 SS0E-05 880.000 0.000 0.0 0014 00
430.000 0.0000 .0000E-i 00 890.000 0.000”0 00001 :100
440.472 7.3700.1860E-05 900.341 S,S00 03i50E-07
450.474 7.4600.3440E-06 910.000 0,0)()() 0 ONODEIN0
460.466 8.340 0.1390E-05 920.338 5,500 0 9:100}i-18

Zeros indicate anclement absence in the observed solisspectrom



